Introduction
Age is a risk factor for virtually every chronic medical condition. Indeed, age is such an important and seemingly inevitable risk factor for disease that it is often overlooked in clinical practice. Yet expected rapid growth in the population of elderly, including a projected tripling in the size of the global population over 80 years old by 2050, mandates a better biologic understanding of the intersection between the biology of aging and the susceptibility to disease (1) . Perhaps nowhere is the link between age and the susceptibility to disease more dramatic than in the steadily increasing morbidity and mortality attributable to chronic lung disease in older individuals, with mortality attributable to chronic obstructive lung disease (COPD) rising whereas most other causes of mortality are falling (2) . Although a portion of this increase can be attributed to environmental factors, the changes that develop in the lung during "normal aging" show remarkable similarities to the pathologies evident in patients with COPD and pulmonary fibrosis (3) . It therefore seems likely that interventions that would slow the normal age-related decline in lung function and increase lung resilience would have a dramatic effect on the morbidity attributable to chronic lung disease.
Aging is a biologic process that unfolds over a lifetime. A major question in aging biology is whether this process is subject to selective evolutionary pressures, analogous to development, or represents drift from a normal program of maintenance. The regularity of embryonic development and maturation to achieve sexual reproduction, which involves the combination of two progenitor cells to form a new organism mostly free of the age-related changes in the parents, suggests that natural selection has driven the development of a mechanism to cope with the challenge of time. In addition, a growing body of evidence suggests that age-related phenotypes can be prevented or delayed even outside the context of reproduction. For example, several investigators have repeated experiments originally conducted 150 years ago employing the technique of heterochronic parabiosis, in which aging phenotypes are partially and/or bidirectionally reversed and the life span of the aged member of the pair is extended when the circulation of a young mouse is surgically paired with that of an older animal (4) . Heterochronic parabiosis results in improvements in several agerelated phenotypes in mice including the resolution of cardiac hypertrophy, improvements in muscle function and regeneration after injury and increased proliferation of neural progenitors in the central nervous system (5, 6) , findings partially recapitulated using serum transfer. Identification of these factors through systematic comparisons of proteins, lipids, and metabolites differentially present in young and aged blood is an active area of investigation.
A fundamental question that emerges from this research is whether we can harness this or similar biology to prevent or even reverse the aging phenotypes that increase the risk of human disease. In model organisms, the answer to this question is conditionally "yes." Although no one has created an immortal organism, a growing list of genetic and pharmacologic interventions extend the life span of the nematode C. elegans, the fruit-fly Drosophila melanogaster or the laboratory mouse Mus musculus (7) . Some of these interventions have been shown to extend life span in primates, and a recently convened expert panel of biology-of-aging researchers cautiously recommended a set of therapies that could be tested in healthy humans to delay the onset or progression of age-related phenotypes thereby extending healthspan (as a primary goal). These include protein restriction and fasting-mimetic diets, pharmacologic inhibitors of the Growth Hormone/Insulin-like Growth Factor-1 axis, of the TOR-S6K pathway, and of inflammation, modulators of certain sirtuin proteins, the use of spermidine and metformin (7) .
Within this background, the National Institute of Aging and the National Heart Lung and Blood Institute jointly hosted a workshop entitled "The Intersection of Aging Biology and Pathobiology of Lung Diseases." Several common themes emerged from the conference. First, the investigators recognized that developing interventions to prevent aging phenotypes in the lung requires a better understanding of the age-related changes that develop in the lungs of model organisms and humans using an interdisciplinary approach that combines systems biology and hypothesis-driven mechanistic experiments. Second, the group advocated for research to identify how the molecular changes that occur with aging alter the response to stress in the lung, including the heat shock response, the mitochondrial unfolded protein response, autophagy, stem cell dysfunction, senescence, extracellular matrix (ECM) dysfunction, genomic instability, epigenomic dysregulation, and the immune response to infection. Fourth, the participants supported research to determine how lung aging contributes to the development of the multiorgan frailty that develops in some older patients. Fifth, the group highlighted the importance of developing new animal models of common lung diseases for which age is a strong risk factor including emphysema, idiopathic pulmonary fibrosis (IPF), and an increased susceptibility to lung infection. Finally, the investigators acknowledged some of the limitations to murine models of aging and emphasized the need to include tissues from patients with age-related lung disease and develop nonmurine models of lung disease for preclinical research. The purpose of this document is to provide examples that reveal important intersections between aging biology and lung pathobiology from the perspective of both disciplines. These examples are not meant to be comprehensive, instead they are used as illustrations of how our understanding of lung pathobiology is enhanced by studies that acknowledge the importance of aging.
Pathologic and Physiologic Changes in the Aging Lung

Growth and alveolarization
The human lung grows progressively until at least early adulthood when it contains approximately 300-480 × 10 6 alveoli (8). There is little evidence to suggest that new alveoli are generated after adulthood, instead, aging is characterized by a progressive loss of alveolar surface area and enlargement of alveolar size (9) . This age-related increase in alveolar size develops in the absence of overt inflammation, signs of destruction, or fibrosis (8) . The "normal" timeline of structural and functional deterioration is variable and may depend of a number of genetic, environmental, and epigenetic factors. For example, genomewide association studies have identified numerous loci that underlie the variation in FEV1, FVC, and FEV1/FVC in the general population (10) . Likewise, decreased and/or increased DNA methylation of a variety of genes involved in inflammation and oxidative stress was associated with decreased lung function in a cohort of elderly men (11) .
Structural changes in the aging lung Similar to emphysema, lung aging is characterized by a decrease in the density and an increase in the diameter of the membranous bronchioles, however, unlike emphysema, there are no differences in alveolar attachments (12) . Aging lungs show uniform increase in alveolar size, with a mean linear intercept (Lm) 60% higher and an emphysema score 8-fold higher than young controls (13) . Therefore, the aging lung is characterized by progressive enlargement of the alveolar ducts and spaces reminiscent of changes seen in patients with emphysema. These similarities pose a challenge for distinguishing normal aging and emphysema, which might be addressed with novel imaging techniques, including fractal dimension analysis, lung density measurements, and diffusion-weighted magnetic resonance imaging using hyperpolarized 3 He (14) .
Physiologic changes in the aging lung
There is a progressive, age-associated decrease in lung function, FEV1 declines by ~30 mL per year in men and women, whereas FVC begins to decline later and at a slower rate (20 mL per year) resulting in a decrease in the FEV1/FVC ratio. Consistent with the morphologic findings described previously, the residual volume and functional residual capacity increase with age; however, significant variability among healthy older individuals makes it difficult to establish a range of values that define "normal function" (15) . Age-related changes in the pulmonary circulation result in an increase in pulmonary artery systolic pressure, increased ventilation-perfusion mismatching, and a progressive decrease in the DLCO in elderly (16, 17) .
Gaps in knowledge
Most measures of lung morphology and function in elderly have been performed on a relatively small numbers of individuals. Studies that incorporate advanced imaging and functional measures of lung health (rather than lung disease) combined with molecular profiling including genomic, epigenomic, transcriptomic, proteomic, and metabolomics data might better define aging phenotypes and provide insights into the underlying biology of aging in the lung. Although some of these data can be generated using surrogate tissues, for example, the peripheral blood or the nasal/proximal airways, it will be important to include studies of "normal" lung tissue across the life span. A combined anatomic, physiologic, and molecular definition of lung aging will provide an endpoint that can be used in proposed trials of interventions that seek to slow global processes of aging (7). This is important as some proposed interventions, for example, the administration of the mTOR inhibitor rapamycin, do not appear to slow the development of age-related changes in the lung in mice, and mTOR inhibitors have been reported to cause pneumonitis that can be fatal in humans (18, 19) . Studies of fundamental mechanisms of lung aging specifically are therefore necessary.
Molecular Hallmarks of Aging
Through the study of aging, including studies that employ laboratory animals with shorter versus longer life spans, investigators have made significant progress in understanding some of the fundamental biologic changes that develop with aging (20, 21) . These "hallmarks of aging" have been reviewed elsewhere (22) . Integrating these hallmarks of aging into a conceptual framework that describes how age-related dysfunction in fundamental cellular processes (genomic instability, epigenetic alterations, mitochondrial dysfunction, altered nutrient sensing, or disruptions in proteostasis) contribute to the cellular phenotypes of aging (altered immune responses, senescence, stem cell exhaustion, altered intracellular communication, changes to the ECM), and how these cellular phenotypes of aging contribute to the physiologic decline and loss of resilience in the aging lung represents a major challenge in lung biology. Included below are four examples of how investigators have used some of these biologic hallmarks of aging (proteostasis, mitochondrial dysfunction, ECM changes, and inflammation) as a prism to understand age-related lung disease, followed by a discussion of how these and other hallmarks of aging might be used to inform our understanding of COPD and pulmonary fibrosis.
Age-Related Changes in Proteostasis
An emergent principle of cellular biology is that the protein fold is globally managed by the protein homeostasis or proteostasis program (23) (24) (25) (26) . Proteostasis refers to the dynamic process by which cells control the concentration, conformation, binding interactions, and stability of individual proteins making up the proteome through a system of regulated networks of interacting and competing biological pathways that influence protein synthesis, folding, trafficking, disaggregation, and degradation (23, 26) . Alterations in proteostasis can result in loss of protein function, for example, the generation of insufficient amounts of active protein, or the inappropriate degradation of functional proteins. Alternatively, altered proteostasis can result in a gain of toxic function, for example, the aggregation and accumulation of misfolded proteins. Dysfunction in the proteostasis network has been shown to contribute to the phenotypes of aging by impairing cellular function, reducing the capacity of the cell to respond to environmental or metabolic stress (23) . Severe proteostatic stress leads to a premature aging proteome phenotype by enhancing the cellular sensitivity to signals that trigger senescence or apoptosis (27) . We now appreciate from robust C. elegans genetic models that the cellular processes required to maintain proteostasis begin to decline early in life, precisely at the release of the first progeny, via a coordinated mechanism initiated in reproductive cells and disseminated through the entire organism via an epigenetic mark in a neuronal cell (28) . The expression of a curated set of genes that comprise the known proteostasis network in aging human brains declines with age, suggesting a similar decline in the proteostasis network in other tissues (29) . Whether a similar change occurs in the lung is not yet known; however, it is now possible to quantify age-related changes in the function of the proteostasis network using novel imaging approaches combined with top-down proteomic approaches (30) . Newer techniques now allow a direct measure of proteostasis at the level of the cellular interactome. For example, investigators recently compared the interactome of the wild-type and mutant cystic fibrosis transmembrane receptor and identified a core set of hundreds of proteins that interact with the wild-type and mutant protein and a distinct set of proteins that interacted exclusively the mutant, some of which affected the function of the mutant (31) . Other proteins that might be targeted using similar approaches include those implicated in emphysema pathogenesis (e.g., alpha-1 antitrypsin) or pulmonary fibrosis (e.g., MUC5b or Surfactant Protein C).
Among the proteostatic systems, degradation and recycling of cellular components in the lysosomes through autophagy play a central role in the cellular response to proteostatic challenges. Autophagy participates in the reorganization of the cell's proteome, in organelle turnover and in the response to metabolic and oxidative stress. Recent studies have shown decreased autophagy in the aging lung and in aging-associated diseases of the respiratory system, such as IPF (32, 33) . Reduction of autophagic activity in lung fibroblasts and epithelial cells might not only account for an inefficient response to proteostatic stress, with the subsequent accumulation of damaged and aggregated proteins in this organ, but might also result in accelerated cell senescence.
Mitochondrial Stress During Aging
There is an increased realization that alterations in mitochondrial function might contribute to age-related lung pathology. For instance, a recent study demonstrated that abnormal mitochondria appear to accumulate in alveolar type II cells of patients with IPF (34) . This accumulation appears to be due to a defect in the clearance of damaged mitochondria through the process of mitophagy. One key regulator of mitophagy is the PTEN-inducible putative kinase-1 (PINK1). Indeed, PINK1-deficient mice were shown to have an increased susceptibility for the development of lung fibrosis (34) . Interestingly, PINK1-deficient mice were protected against cigarette smoke-induced empysema highlighting the complexity of the function of PINK1 in chronic lung disease (35) . An accumulation of damaged mitochondria can also be seen in models of cigarette smoke where again a decline in mitophagic flux appears to be involved in driving airway epithelial cells toward a senescent phenotype (36) ; similarly, in sepsis-induced lung injury and multiple organ dysfunction, impaired mitophagy results in the accumulation of damaged mitochondria that activate the inflammasome (37) . New methods to detect mitophagy in vivo should, therefore, be very helpful in dissecting how this process contributes to a wide range of age-related lung pathologies (38) .
The mechanism through which damaged or dysfunctional mitochondria contribute to diseases of aging remains an important question. The answer to this question will likely come from developing a more nuanced view of how mitochondria function within the cell, tissue, and organ. Although classically viewed as the powerhouse of the cell, it is becoming increasingly clear that the mitochondria function as more than simple generators of intracellular ATP. A large body of recent evidence suggests that beyond their role in bioenergetics, mitochondria also act as crucial signaling organelles (39) . Although bioenergetic defects are often observed in age-related diseases, dysregulation of mitochondrial signaling might be as important, or perhaps more important, in disease initiation and progression. As part of this signaling function, it is clear that alterations in the mitochondrial genome or accumulation of misfolded proteins within the mitochondrial matrix can trigger a nuclear transcriptional response. This response, called the mitochondrial unfolded protein response (UPR mt ), has garnered increasing interest, as activation of the UPR mt in lower organisms appears to be linked to increased longevity (40) . In addition, this pathway has been recently linked to the age-dependent decline in mammalian stem cell function (41) . Whether or not the UPR mt plays a role in age-related lung pathology remains untested.
Inflammation and Aging
In elderly individuals, the levels of proinflammatory mediators, including C-reactive protein, IL-1β, IL-6, IL-8, and TNF-α are
increased, yet the immune system is simultaneously hyporesponsive to specific antigens, a combination of findings collectively referred to as "inflammaging" (42) . A variety of hypotheses have been put forward to explain both these phenotypes. Enhanced inflammation has been suggested to result from the release of damage-associated molecular pattern molecules (DAMPs) from dying cells, or ineffective clearance of DAMPs due to impaired autophagy/mitophagy. These DAMPs can activate Toll-like receptors or intracellular pattern recognition receptors to induce the expression of inflammationrelated genes, or can prime or activate the inflammasome (43) . The consequences of the resulting low level chronic inflammation are not entirely clear, but chronic low level inflammation has been suggested to contribute to the development of cardiovascular disease in the elderly and to the development of COPD (44, 45) . The observed hyporesponsiveness of the immune system to antigen stimulation is best documented in the weak response to influenza infection in elderly compared with younger individuals (46) . This loss of adaptive immunity might occur through cell autonomous mechanisms. For example, investigators have reported reduced proliferative capacity of hematopoietic progenitor cell populations and a shift toward increased production of myeloid cells in older animals as well as reduced proliferative potential of differentiated lymphocyte populations (47, 48) . These changes are accompanied by alterations in the numbers and relative composition of the circulating leukocyte pool as well as the cellular populations in the bone marrow, lymph nodes, spleen, and thymus (49) . In addition, investigators have observed clonal expansion of subpopulations of T and B cells in lymphoid tissues from older compared with younger individuals (50) . These clonally expanded populations might impair the function of neighboring cells through homeostatic feedback or simple dilution. Hyporesponsiveness of the adaptive immune system might also result from an age-related loss in signals from key stromal populations in the bone marrow, thymus, lymph node, or spleen, which are necessary to maintain the stem cell niche or to preserve the function of differentiated cells (51, 52) . Therapies that target the age-related decline in adaptive immune responses in the lung would be predicted to have an important clinical impact. For example, individuals between 65 and 74 have a 30-fold higher risk of death after influenza A infection compared with individuals aged 25-49, and a similar increase in risk has been reported with other respiratory viruses (53) .
Aging and the ECM
The ECM is a complex network of cross-linked proteins that provides essential physical scaffolding and is a reservoir for growth factors, cytokines, and ECM-remodeling enzymes that transduce signals for the differentiation, proliferation, survival, polarity, and migration of cells. As such, age-related changes in the composition or structure of the matrix might initiate a process of disordered repair as seen in emphysema or fibrosis. Since ECM proteins are large, complex, and assembled into cross-linked insoluble matrices, defining their biochemical composition has been challenging and our knowledge of the lung matrisome remains incomplete, although advances in mass spectroscopy-based proteomics offer promise (54) . Using unbiased microarray analysis of normal lungs, investigators observed age-related increases in collagen among the 40 genes that were increased in patients in their sixth or seventh compared with their third and fourth decade of life (55) . Investigators have also observed increases in the levels of matrix collagen in the lungs of aged rodents (56) . At the level of the matrix proteome, the problem is more complex as age-related changes in matrix composition might alter the susceptibility of the tissue to solubilization. Within these limits, increased expression of fibrillar collagens and advanced glycation end-products accompanied by a loss of elastic fibers are often associated with tissue aging (57) . Studies using unbiased proteomic approaches are underway that will overcome these limitations (54).
Age-Related Obstructive Lung Disease, COPD, and Asthma
Although the mortality attributable to heart disease, cancer, stroke, and other common diseases have declined over the past decade, both the prevalence and mortality attributable to COPD are increasing worldwide (58) . Environmental factors, most importantly cigarette smoke exposure, are important drivers of this increase; however, the incidence of COPD increases exponentially with age making it likely that the expanding population of elderly worldwide is contributing to the increasing health burden of COPD. Furthermore, because COPD is often associated with dyspnea on exertion that lasts for years prior to death, it is an important limitation on healthspan. There are many similarities between the pathologic and physiologic features of normal aging in the lung and COPD (see the discussion of normal aging described previously). Although still an area of controversy, these similarities have led many to suggest that exposure to cigarette smoke and other environmental stressors over the life span accelerate biologic processes associated with normal aging (3). Furthermore, recent epidemiological observations have suggested that about half of patients with COPD fail to achieve full lung function in adolescence and early adulthood. In these individuals, COPD might develop as a consequence of the "normal" decline in lung function with age, highlighting the need for longitudinal data that capture lung function and anatomy in early adulthood (59) .
In support of the hypothesis that COPD may represent an accelerated (or normal) form of lung aging, most of the biologic hallmarks of aging have been associated with COPD in animal models or human samples (3). Investigators have identified several lines evidence suggesting telomere shortening is causally linked to the development of COPD; telomeres are shortened in the lungs of patients with COPD, mutations in telomerase genes have been linked to the development of emphysema in familial and population-based genetic studies, mice with short telomeres are prone to cigarette smoke-induced emphysema, and the prevalence of telomerase mutations appears to rival that of α-1 antitrypsin deficiency in severe emphysema (60) . In patients with α-1 antitrypsin deficiency, chronic proteostatic stress induced by expression of the misfolded mutant is implicated in emphysema pathology (61) . In contrast, investigators have observed markers of autophagy in the lungs of patients with COPD, and genetic inhibition of Egr1-dependent autophagy protected against cigarette smoke-induced emphysema in mice (62) . Mitochondrial reactive oxygen species generation can be directly induced by cigarette smoke exposure or through ineffective clearance of dysfunctional mitochondria through mitophagy (35) . Epigenetic changes including DNA methylation, histone modifications, and altered expression of noncoding RNA molecules have been reported in patients with COPD where they are associated with the risk of developing COPD, and with responses to therapy (63) . Telomere shortening, increased mitochondrial ROS generation and epigenetic changes might all contribute to the genomic instability observed in the lungs of patients with COPD, which likely contributes to the coincident risk of lung cancer in these patients (3) . Dysfunction in these pathways may also contribute to the increased numbers of senescent cells observed in the lungs of patients with COPD, which have been suggested to contribute to pathogenesis through impaired lung regeneration (stem cell exhaustion), an enhanced susceptibility to apoptosis, and the release of senescenceassociated secreted proteins (altered intracellular communication) (3) . There is ample evidence that the numbers of inflammatory cells and the production of proinflammatory cytokines and chemokines are increased in the lungs of patients with COPD, perhaps exacerbated by the enhanced basal inflammation that is a component of "inflammaging" (3) .
Asthma is relatively common in adults more than 60 years of age with a reported prevalence between 4% and 13% (64) , and carries one of the highest rates of asthma-attributable morbidity and mortality, with 50% to 66% of all asthma deaths occurring in adults more than 65 years of age (65) . In older individuals, the airway inflammation and airway reactivity characteristic of asthma are often combined with the fixed obstruction characteristic of COPD (66) . Limited data regarding airway inflammation in aged adults with asthma suggest that there are increased levels of airway neutrophils, decreased eosinophil effector function, and reduced numbers of Tregs (65) . Establishing the characteristics of airway inflammation in elderly patients with asthma and the asthma COPD overlap syndrome is an important step toward formulating more effective age-directed approaches to treatment.
Lung Aging and Fibrosis
IPF is the most common form of the idiopathic interstitial pneumonias, and the most severe chronic interstitial lung disease usually displaying a progressive, irreversible, and lethal course (67, 68) . The disease occurs in middle-aged and elderly adults and the frequency rises markedly with age (69, 70) . For example, advanced age emerged from a multidimensional prognostic staging system as one of the four selected variables most strongly associated with mortality and similar findings were reported for fibrotic nonspecific interstitial pneumonia (71) . In rodent models of fibrosis, advanced age increases the severity of lung fibrosis and/or impairs capacity for resolution (72) . However, the mechanisms linking aging to the pathogenesis of IPF remain elusive.
Similar to COPD, many of the biologic hallmarks of aging have been described in the context of lung fibrosis. Genetic defects in telomerase and telomere genes markedly increase the risk of IPF and is in fact the most commonly identifiable cause of familial pulmonary fibrosis accounting for at least one-third of cases, and is a constitutional finding in at least half of IPF patients (73) . Epigenetic alterations including the expression of long noncoding RNAs and micro-RNAs have emerged from unbiased transcriptomic data obtained from the lungs of patients with IPF (74) . Disordered proteostasis including mutations in Surfactant Protein C that lead to misfolding of the protein has been identified in families with pulmonary fibrosis (75) . Increased expression of senescence markers have been observed in the lungs of patients from IPF and myofibroblasts obtained from the lungs of patients with IPF demonstrate a senescence-associated resistance to apoptosis (72) . Mitochondrial ROS and a loss of antioxidant defenses have been implicated in TGF-β signaling of NOX4, a critical mediator of lung fibrosis (76, 77) . While highlighting the link between aging biology and chronic lung diseases, the fact that similar biologic hallmarks of aging are linked with the apparently discordant phenotypes of COPD and IPF raises important questions and is a fertile area for future research.
Muscle Dysfunction in Patients With Lung Disease and Aging
With age, skeletal muscle strength and endurance decrease and the prevalence of sarcopenia increases (78) . In patients with chronic lung diseases the presence of sarcopenia is associated with increased morbidity and impaired the quality of life (79, 80) . Skeletal muscle dysfunction is common in critically ill patients and patients with the acute respiratory distress syndrome (ARDS) (80) . Multisystem organ dysfunction (MODS) can manifest as skeletal muscle weakness in critically ill patients and negatively impacts the quality of life in critical illness survivors. In older patients with respiratory diseases limb and respiratory muscle dysfunction can contribute to hypoventilatory respiratory insufficiency which results in longer hospitalizations and protracted circle of progressive loss of muscle mass and dysfunction (81) . Muscle dysfunction following critical illness is more severe in older individuals. For example, Herridge and colleagues found that in patients with an ICU length of stay longer than 2 weeks older patients had higher mortality and survivors had worse disability compared with younger patients with comparable severity of illness (82) .
Skeletal muscle is continuously subject to cycles of protein degradation and muscle cell loss followed by regeneration. Myogenesis during muscle regeneration in the adult is carried out by satellite cells that are closely associated with muscle fibers. In response to muscle injury, satellite cells are stimulated to undergo proliferation and differentiation to form new muscle fibers (83) . This process is known to be impaired during aging, which might be attributable to cell autonomous changes in the satellite cell pool or result from changes in the levels of circulating myokines or changes in resident and circulating immune cells (83) . These latter mechanisms might be altered in patients with critical illness and/or chronic lung disease. In addition, a number of studies have identified a key role of the ubiquitin-proteosome system in muscle degradation in patients with critical illness and chronic lung disease. In particular, increased expression and activity of the muscle-specific ubiquitin E3 ligases MuRF-1 and Atrogin1 are consistently observed in muscle biopsy specimens from patients with critical illness and chronic lung disease skeletal muscle from patients with lung diseases (84, 85) . Accordingly, changes in the function of the proteasome have been suggested to contribute to impaired muscle regeneration during aging (86) . Interventions that enhance satellite cell function and reduce ubiquitin-proteasome mediated muscle cell degradation offer the promise of improving muscle function and reducing morbidity in elderly patients with critical illness and chronic lung disease.
A Systems Biology Approach to Lung Aging
Systems biology is a useful tool for generating hypotheses about cause-and-effect relationships but to be effective it requires large data sets. In 2004, the National Human Genome Research Institute began to fund projects with a goal of reducing the cost of sequencing a human genome to less than $1000, and 11 years later, this goal has been reached using commercially available sequencing technologies that are within the reach of most research institutions and many individual laboratories (87) . As an offshoot of these efforts, reliable and reproducible methods have been developed to sequence the entire transcriptome of a given tissue or cell population, including the ability to detect rare splice variants and noncoding RNAs (RNA-seq) (88) . When combined with flow cytometry technologies, next generation sequencing technology allows for measurement of the transcriptomes of up to several 100 individual cells (single cell RNA-seq) and newer microfluidic platforms allow examination of the individual transcriptomes of 1000s of cells simultaneously (e.g., Drop-Seq) (89) . The same next generation sequencing technologies have been adapted to measure histone modifications across the genome in an effort to understand the epigenetic regulation of cellspecific gene expression (ChIP-Seq) (90) . These data complement advancing technologies to measure DNA methylation at the level of the genome, improvements in metabolomics, and advances in mass spectroscopy that put top-down proteomic approaches in reach.
As a result of these technologies, examination of lung aging over the life span at the level of the entire tissue will generate large parallel data sets that will require novel "transomic" systems biologybased approaches for their interpretation (91) . A complex system like the aging lung presents an even larger challenge, as changes in whole lung "omic" data may be driven by changes in the number or function of only a subset of the more than 50 cell types that comprise the lung. Small scale heterogeneity that might develop within specific cellular populations during aging (e.g., the emergence of a small population of senescent progenitor cells) can be detected through the analysis of cellular populations identified using flow cytometry or via the analysis of single cells (92, 93) . Both of these approaches dramatically increase the amount of data generated. Advances in data analysis, storage, manipulation, and access will be required to fully realize the potential of these rich resources.
Examination of age-related changes in DNA methylation, an epigenetic modification implicated in aging biology, highlights some of these complexities. DNA methylation data can be complex to interpret and aging is well-known to be accompanied by changes in subsets of individual cell types (e.g., changes in immune cell profiles are altered over time) (94) . These cell-type-specific changes be accounted for in discovery-based studies of the association of alterations of DNA methylation with aging. In data dense interrogations of DNA methylation at CpG sites (e.g., Illumina arrays or sequence-based methods) systematic changes in the cellular composition of the tissue could lead to changes in the methylation pattern. These changes in cellular composition might be mistakenly interpreted as aging or environmentally induced methylation alterations. This occurs because epigenetic modifications, specifically including DNA methylation, dictate programmed differentiation within the somatic lineages, including, for example, the immune system (95) . Studies of blood are particularly prone to this problem. Remodeling the epigenome during development leads to progressively restricted immune subtypes and DNA methylation provides a chemically stable mark for these cell fate decisions (96) .
As an example, DNA methylation arrays can be applied to study isolated leukocyte subtypes and these data have led to the discovery that all lineage-specific immune cells in the peripheral blood can be distinguished by a signature or "fingerprint" of differentially methylated regions. Statistical algorithms for estimating leukocyte number and type solely by reference to DNA methylation data have been developed and undergone extensive validation (97) . These approaches continue to evolve as ever more sophisticated bioinformatic methods for immunomethylomics will allow for greater accuracy in defining different cell types (97, 98) . Using pure cell type reference DNA methylation data (cell type libraries), one can deconvolute separate target DNA methylation data sets into constituent cell-type proportions, but this approach cannot localize changes in the whole blood methylation signature with aging to an individual cellular constituent in the blood. Although there are numerous cell types and changes involved, given the rapidly advancing technology systems biology is highly likely to generate important insights into the molecular changes taking place with aging in the lung.
Summary and Recommendations
The growing importance of age-related lung diseases in limiting both life span and healthspan highlight the importance of understanding lung aging as part of an overall strategy to enhance health, lengthen life, and reduce illness and disability. Lung health during aging might be improved through strategies that slow the progressive age-related decline in lung function, improve childhood lung development, and enhance lung resilience to environmental challenges (Figure 1) . The strong clinical association between advanced age and the incidence of acute and chronic lung disease suggests a fundamental link between the biology of aging and many lung diseases. Hence, the study of lung aging needs to extend beyond "aging researchers" to encompass the much larger community of researchers studying lung disease.
Investigators have made key insights that provide a glimpse of the molecular mechanisms underlying aging at the cellular and organismal level, but additional research is required to link these processes and pathways with disease phenotypes in the aging lung and with the susceptibility to lung disease. Four key research challenges and opportunities emerged from the conference. First, it is essential to use aged animals for the study of lung disease; in some cases, findings in aged animals better recapitulate phenotypes of the human disease and aged models allow for interventions that selectively target aging-and disease-related processes. Second, we need to better understand normal aging in the lung in the absence of clinically identifiable disease: When does aging in the lung begin? Which cellular populations drive aging phenotypes? What are the lung-specific effects of interventions that extend healthspan and are being considered for therapies to delay aging in healthy humans? Third, how can we develop integrative systems-based platforms that can dynamically incorporate data sets that describe the genomics, transcriptomics, epigenomics, metabolomics, and proteomics of the aging lung and generate interfaces through which investigators without a bioinformatic background can interact with the data to generate testable hypotheses and develop novel biomarkers? Fourth, how do we reconcile the observations that benchmark biologic hallmarks of aging are associated with divergent lung phenotypes-COPD and pulmonary fibrosis in different individuals?
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Funding provided by the National Institute on Aging and the National Heart, Lung and Blood Institute. Figure 1 . Models for the age-related decline in lung health. Red lines represent age-related changes in lung health, blue lines the effect of potential therapies to preserve lung health during aging. A. Progressive decline. According to this model, the rate of accumulation of age-related damage to the lung over time determines whether, and at what age, an individual will develop respiratory disability (dashed line). Effective interventions should slow the rate of age-related decline in lung funciton to preserve lung health over the life span (blue arrow). B. Loss of resilience. Even in individuals who maintain their lung function over time, injury induced by environmental challenges (infections, inhaled toxins, etc) over the life span might be followed by incomplete resolution, resulting in intermittent step-declines in lung health. Interventions to improve lung resilience could reduce the severity of lung damage in response to a given environmental challenge or improve lung regeneration after injury (blue arrows). C. Impaired lung development. Data from recent longitudinal studies of lung function suggest that some individuals fail to achieve normal lung function during early adulthood. These individuals might be particularly prone to the age-related decline in lung health. Interentions that minimize antenatal and postnatal exposures to environmental factors that impair lung development is predicted to preserve lung health during aging in these individuals (blue arrow). D. Combined agerelated progressive lung dysfunction and loss of lung resilience, particularly in patients with impaired lung development, can dramatically reduce the age at which respiratory disability develops.
